In the present study, an experimental investigation was conducted to quantify the dynamics of the water droplet impact process on a solid surface in order to elucidate underlying physics to improve our understanding of the important microphysical processes pertinent to aircraft icing phenomena. The Reynolds number (Re) and Weber number (We) of the water droplets ranged from Re  1700 to 4900, and We  29 to 216, respectively, while all the experiments were done at a room temperature of Tambinet= ℃. Digital image projection (DIP) was used to achieve time-resolved measurements of the water film thickness distributions during the entire impact process. Based on the time-resolved measurements of the water film/droplet thickness distributions, the droplet impact process was divided into three distinct stages, i.e., the spreading, receding, and oscillating stages. By comparing the droplet shape evolution under different impact velocities, the dynamics of droplet impact process at different Weber numbers or Reynolds numbers was analyzed in detail. With increasing impact velocity, the oscillation phenomenon would disappear rapidly, and thus the droplet impact process was shortened. Based on the time-resolved film thickness measurements, the liquid-air interface area was calculated, thus, the time evolution of the surface energy of water droplet during the entire impact process could be examined quantitatively.
I. Introduction
ircraft icing is widely recognized as a significant hazard to aircraft operations in cold weather. When an aircraft or rotorcraft flies in a cold climate, some of the supercooled droplets impact and freeze on the exposed aircraft surfaces to form ice shapes. Ice may accumulate on every exposed frontal surface of an airplane, not only on the wing, propeller and windshield, but also on the antennas, vents, intakes, and cowlings. Icing accumulation can degrade the aerodynamic performance of an airplane significantly by decreasing lift while increasing drag. In moderate to severe conditions, the ice accretions may become so severe that continued flight is impossible. The airplane may stall at much slower speeds and lower angles of attack than normal. It could roll or pitch uncontrollably, and recovery may be impossible. Ice can also cause engine stoppage by either icing up the carburetor or, in the case of a fuel-injected engine, blocking the engine's air source. The importance of proper ice control for aircraft operation in cold climate was highlighted by many aircraft crashes in recent years like the ATR-72 aircraft of American Eagle flight that crashed in Roselawn, Indiana, due to ice buildup on its wings, killing all 66 people aboard on October 31, 1994. After investigation, it was found that the aircraft encountered a supercooled large droplets (SLD) icing environment, which was not defined in Appendix C of Part 25 of Federal Aviation Regulations (FAR25 Appendix C), and the aircraft crashed from abnormal icing on airfoils 1 
(Ice Protection Harmonization
Working Group-IPHWG, 2005) . A number of previous studies showed that the ice accretion over airfoil surfaces under different icing conditions are significantly different, especially with different impact velocity and icing temperature 2, 3, 4 . Further research about droplet impact is highly desirable in order to uncover the underlying physics pertinent to aircraft icing phenomena.
Droplet impact, such as the fingering of an inkblot or a coffee stain, is familiar to everyone. Droplet impact, which has been studied extensively since 1876 5 , has a very wide range of applications, including atomization processes 6 , raindrop dynamics 7 , inkjet printing 8 , blood pattern and drop trajectories 9 , and micro-fabrication 10 . While it also involves most of the key issues of surface flows, droplet impact is characteristic of multiphase flows 11 . A droplet impact process can usually be divided into three stages, an early contact stage that consider the central bubble 12 and skating on air 13 , a spreading or splash stage 14, 15 , and a receding or rebounding stage 16, 17 . While most of the previous studies were concentrated on the air layer radius or thickness 12, 13 , maximum spreading radius 16, 17, 18 , minimal thickness of the water layer 19 , and whether the impacting droplet would splash 15, 20 or rebounding 16, 17 , very few studies considered the droplet shape evolution during the impact process. The accurate measurement of the droplet shape or the film thickness of the impact droplet could help reveal the underlying physics and improve the theoretical physics models used in the impact process.
In the present study, an experimental investigation was conducted to quantify the shape evolution of the droplet during the impact process on a solid surface in order to elucidate underlying physics to improve our understanding of the important microphysical processes pertinent to aircraft icing phenomena. A digital image projection (DIP) technique 21 was used to achieve time-resolved measurements of the droplet thickness during the entire droplet impact process, including the spreading, receding and fluctuation stages. By comparing the droplet shape evolution under different impact velocities, the dynamics of droplet impact under different Weber numbers or Reynolds numbers was analyzed in detail. Based on the time-resolved film thickness of the impact droplet, the surface energy evolution during the whole impact process was determined. A better understanding of the droplet impact process would be helpful to improve the icing accretion model for more accurate prediction of ice formation and accretion over aircraft wings and to develop effective and robust anti-/de-icing strategies to ensure safer and more efficient operation of aircraft in cold weather. A Downloaded by IOWA STATE UNIVERSITY on February 13, 2017 | http://arc.aiaa.org | DOI: 10.2514/6.2017-0942 Figure 1 shows the schematic of the experimental setup used in present study to implement the DIP technique to quantify the shape evolution of the droplet during the impact process. The experimental setup was comprised of a droplet generator, an environmental chamber containing the solid substrate, a projector and lens system, a highspeed camera, and a host computer controlling both the projector and high-speed camera.
II. Experimental Setup

Figure 1. Experimental setup for the measurement of droplet impingement and ice accreting
A volume-type droplet generator system was used to generate single water droplets. The system includes three parts: a piezo-actuated cavity, a pulse generator (Rigol 1074Z-S), and a water reservoir bottle. As shown in figure 2, the main body of the droplet generator system includes a water cavity, a piezoelectric plate, and a droplet nozzle. The water cavity and droplet nozzle were rapid prototyped. Upon receiving a pulse signal from the pulse generator, the piezoelectric plate would warp and squeeze the water cavity, which would extrude a droplet from the nozzle. With suitable pulse voltage and duration, the droplet generator could eject a single droplet from each pulse. The droplet size was controlled by the nozzle inner diameter and the pulse voltage, and the droplet impingement velocity was controlled by the initial ejection velocity and the height between the droplet generator and the solid substrate. The size variation of the generated droplets when using the same pulse shape and the same nozzle was less than 0.02mm. The droplet size can be controlled from about 1.5mm to 3.0mm by using different inner diameter nozzles and different pulse voltages, and the impact velocity of the droplet can be set to any value between 0.5m/s to 3.5m/s.
To enhance the light diffusion on the droplet surface, a low concentration (5% by volume) of latex was added to the water. The impact substrate was mounted in a relatively closed experimental chamber to minimize the environmental disturbances. The main part of the substrate is an aluminum plate (2 ℎ × 2 ℎ × 1/4 ℎ). The plate surface was coated with Rustoleum enamel, and was wet-sanded with 2000 grit sandpaper. The advancing and receding contact angles on the surface were measured as more than 90 degrees and less than 20 degrees respectively.
Figure. 2 Main part of the droplet generator system
A DLP projector (Young Optics Light Crafter) was used to project a pattern of parallel lines on the test plate for the DIP measurement. The distance between each two adjacent lines was set to be about 0.15 mm to satisfy the measurement resolution requirement (in our study, the droplet initial diameter is about 2.4mm, and the maximum spreading diameter of the droplet was more or around 5mm). A high-speed camera (PCOtech Dimax S4) was used for recording the light pattern images. The frame rate of the high-speed camera was set to 5,000fps and the exposure time was set to 100 to adequately time-resolve the dynamic process and minimize motion blur. The recorded images had a spatial resolution between 624 × 620 to 912 × 900 , and a physical measurement window size between 9.2 × 9.1 to 13.4 × 13.2 . The window sizes were selected depending on the expected spreading diameter for a particular trial.
Three different impact velocities (0.77m/s, 1.60m/s, and 2.12m/s) were tested. The impact velocity was set by adjusting the droplet release height.
III. Water Film/Droplet Thickness Measurements Using DIP Technique
Water droplet/film thickness measurements using DIP technique
During the experiment, a reference pattern of the clean surface and the distorted patterns of the droplet shape were recorded with a high-speed imaging system. The droplet thickness information was extracted from the patternimages using the image processing described here. Figure 3 shows the process of extracting droplet shape data from the recorded images. Figure 3 (a) shows the reference image that was recorded before the droplet impact. Figure 3 (b) shows the image during the droplet impact onto the surface and illustrates how the projected light lines appear distorted in the camera view. The lines in the reference and deformed images were digitized, yielding the position information as shown in figures 3(c) and (d).
By comparing the position of the digitized lines in figure 3(c) and (d), the image displacement of the projected pattern in the droplet region was obtained. Based on the DIP calibration (figure 4), the droplet shape during the impact process was reconstructed from the displacements of the projected lines relative to the reference image. Figure 4 shows that the displacement-to-thickness factor is 0.0196 / K mm pixel  (1) 
IV. Results and Discussion
In the present study, all of the experimental data was recorded at room temperature, T = 21°C. The droplet diameter was kept at D = 2.4mm, while the impact velocity was varied from 0.7m/s to 2.12 m/s; therefore, the Reynolds number varied from about 1776 to 4862 and the Weber number varied from about 29 to 216, respectively. Since the droplet was 5% (by volume) latex solution, the surface tension of the solution was measured as 52mN/m, and the viscosity is 1.09N • s/m 2 , while the density is 1.01g/μL. The Reynolds number and Weber number are defined as:
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Where is the Reynolds number, is the droplet density, 0 is the droplet impact velocity, D 0 is the droplet diameter, is the droplet dynamic viscosity, is the Weber number, and is the droplet surface tension.
Three stages of the droplet impact process
Using the DIP technique, the time-resolved thickness of the droplet throughout the impact process was measured in detail. Based on the time-resolved droplet shape results, three distinct dynamical stages during the impact process were identified: the spreading stage, the receding stage, and the oscillating stage. To explain the three distinct dynamical stages, the droplet impact process under a single impact condition is discussed in detail. Here, the droplet initial diameter is 0 = 2.4 and the impact velocity is 0 = 0.77 / . The corresponding Reynolds and Weber numbers are = 1776 and = 29, respectively.
a. Spreading stage
As the first stage of the droplet impact process, the spreading stage begins when the droplet contacts surface, and it ends when the center of the droplet decreases to the minimal thickness, as shown in figure 5(b). During this stage, the droplet diameter achieves the maximum value diameter (the spreading diameter) observed during the impact process. Later in the stage, the thickness at the center of the droplet achieves the minimum thickness observed during the impact process. Figure 5 (a) shows the time evolution of droplet shape during this stage, and thus the film thickness at all parts of the droplet have been measured precisely. In this study, the time of 0ms was defined as the time when the droplet first contacted the surface. After the initial contact, the droplet continues to flatten and expand, exhibiting surface capillary waves 22 . The edge advances until reaching the maximum spreading diameter, and then exhibits a slight retraction from the maximum spreading diameter. The center of the droplet reaches the minimum thickness at the center, which defines the end of the first stage. As shown in figure 5(a) at the time t=3.4ms, the droplet center has decreased to a local minimum thickness. However, after another 0.8ms, the droplet center rebounded to a local maximum within the inner region of the droplet. The capillary wavelength can be calculated as
where λ is the capillary wavelength, and γ is the surface tension coefficient. For the parameters in figure 5 , we obtain λ ≈ 0.1mm. At the time t=4.2ms, the droplet extended to the maximum spreading diameter, and at the time t=6.8ms, the center point decreased to the minimum thickness. During this stage, the water mass inside the droplet is moving radially outward.
In this study, all the droplets impact velocity directions are perpendicular to the solid surface; therefore, we assumed that the droplets are axially symmetric. Figure 5 (c) shows the circumferentially-averaged thickness of the droplet versus the radial position. This figure clearly shows that the droplet maximum spreading diameter is about 2 times the initial diameter of the droplet, which agrees well with the predicted value defined as
where β is spreading factor defined by:
where is the maximum spreading diameter 23 . Meanwhile, this figure shows the thickness variation at the droplet center prior to reaching the minimum value. The minimum thickness is about 0.06 0 , which is about 0.15mm and is a little larger than predicted value defined as
Here, h is the minimum thickness at the center of the droplet. One possible reason is that the model was deduced from numerical simulations under plateau regime 19 , while the case in figure 5 did not have a plateau regime. After the spreading stage, the droplet began receding. During the receding stage, the droplet center thickness would increase again due to the surface tension drawing water back toward the droplet center. The receding stage begins after the droplet center achieves the minimum thickness, and ends when the droplet center reaches the largest post-spreading-stage thickness, as shown in figure 6(b). Because the receding contact angle on the solid surface is less than 20 degrees the contact line between the latex solution and the surface remain pinned at the maximum spreading diameter; thus, the mass available to flow during the receding stage is reduced because the contact line remains fixed. Figure 6 (a) shows the time evolution of droplet shape during the receding stage. The time needed for the center thickness to increase to a secondary maximum is about 3ms. During this stage, the mass flow inside the droplet is radially inward. The circumferentially-averaged thickness (figure 6(c)) shows this process more clearly. The reversed flow toward the droplet center can be explained by using the Young-Laplace law defined as: 12 11
Where ∆p is the pressure difference at the interface between the latex solution and the air around the droplet, and when ∆p is positive, the pressure in the liquid is higher than that in the air. Similarly, when ∆p is negative, the pressure in the liquid is lower than that in the air. 1 and 2 are called the principal radii of curvature, and if the radius was in the liquid, then the radius was positive, otherwise, the radius was negative 24 . From figure 6(a) and (c), at the time t=6.8ms and t=7.2ms, for the central part of the droplet, both of the two principal radii of curvature are in the air, so that both 1 and 2 are negative; therefore, ∆p is also negative, which indicates that the pressure in the liquid at the center is lower than the pressure in the air. Similarly, it shows that the pressure in the liquid at the outside edge of the droplet is higher than the pressure in the air. Since the air pressure around the droplet is equal to the room ambient pressure, the liquid pressure at the edge is higher than at the center. The fluid flows from higher pressure to lower pressure, thus the droplet center accumulates water and grows in thickness while the outside loses water mass and shrinks. The center increases to a thickness of about 0.7 0 (1.68mm under this impacting condition. After the receding stage, the droplet begins the oscillating stage. The oscillating stage begins when the droplet center reaches the maximum thickness (after the spreading stage, at the end of the receding stage), and ends when the droplet is finally at rest on the solid surface. As shown in figure 7(b) , the oscillating stage is a process switching between spreading and receding processes. However, these spreading processes and receding processes are less pronounced than in the initial spreading and receding stages.
As shown in figure 7(a) at the time t=10.0ms, when the center reaches the maximum thickness at the end of the receding stage, the pressure at the center would exceed the pressure at the outside edge, so that the mass in the central part of the droplet would flow outward. This would lead to the decrease of the center thickness, and the increase of the edge thickness. At the time t=20.0ms, the droplet center decreases to a minimum thickness again. At this point, using the Laplace-Young law again, then we can predict that the cycle will repeat again, as shown in figure 7 (a) at the time t=24.0ms. This spreading and receding process would keep repeating until the droplet is finally at rest on the surface, as shown in figure 7 (a) at the time t=168.0ms. The circumferentially averaged thickness shown in figure 7(c) shows this oscillation more clearly. At the time t=10.0ms, the central part thickness (1 st maximum thickness) is about 0.7 0 , at the time t=24.0ms, the central part thickness (2 nd maximum thickness) is about 0.45 0 , and at the time t=40.0ms, the central part thickness (3 rd maximum thickness) is about 0.37 0 , while at the time t=20.0ms, the central part thickness (1 st minimum thickness) is about 0.1 0 , at the time t=33.0ms, the central part thickness (2 nd minimum thickness) is about 0.2 0 , and at the time t=46.0ms, the central part thickness (3 rd minimum thickness) is about 0.25 0 , these thicknesses shows that the oscillating amplitude becomes less and less pronounced. This amplitude decay can be explained through energy analysis. Since the droplet has viscosity, energy is dissipated due to the internal flow inside the droplet. The energy dissipated by the viscosity could be calculated by 25 :
where is the energy dissipated by the viscosity, is the volume in which viscous dissipation occurs, and ∅ is the viscous function defined as 26 :
During the droplet impact process, internal fluid flow continuously dissipates the kinetic energy until the droplet rests motionless on the solid surface. 
The dynamic processes of droplet impact under different Weber and Reynolds number
To investigate the droplet impact dynamics under different impact velocities (i.e., different Reynolds numbers and Weber numbers), the droplet impact process analyzed in last section will be repeated with two other cases at different impact conditions. Table 1 shows the basic impact conditions of the three cases. The initial droplet diameter before impacting the solid surface is the same 2.4mm, while the impact velocities are different. The Reynolds number and Weber number for these three cases are summarized in Table 1 . Figure 8 shows the average thickness along radius at three distinct moments during the droplet impact process. Figure 8(a) shows the moment at the end of the spreading stage, figure 8(b) shows the moment at the end of the receding stage, and figure 8(c) shows the moment at the end of the oscillating stage. Figure 9 shows profiles throughout the three stages. Based on the time resolved thickness profiles along radius, the impact velocity or the Weber and Reynolds numbers' influence to the dynamics of the impact droplet could be discussed carefully. Figure 8(a) shows the average thickness profile at the end of the spreading stage, and as expected, the spreading process of the droplet under different Weber number proceeds similarly. During the spreading stage, the droplet center descends until it reaches a minimum thickness, while the droplet diameter expands until it reaches the maximum spreading diameter, and the mass flow direction is radially outward. However, there still are some differences in the dynamics. First, with the larger Weber number, the central decent speed is larger during the early time regime (i.e., first 2ms) due to the larger impact velocity of the droplet. Larger Weber number also accompanies a larger spreading speed. The time for the droplet to reach the minimum thickness should decrease, however, the spreading stage for these three cases are 6.8ms, 3.8ms, and 4.4ms, which does not agree with the analysis, and the explanation requires additional study.
As shown in figure 8(a) , at the end of the spreading stage the shapes of the droplet in these three cases have obvious differences, especially at the center. When the droplet center decreases to a minimum thickness, all of these three cases have similar ridge shape at the outside edge of the droplet, and the bottom width of the ridge for case 1 is from 0 0 to about 1 0 , while that for case 2 is from about 0.9 0 to about 1.5 0 , and that for case 3 is from about 1.1 0 to about 1.7 0 . When considering the central part of the droplet, the shape has obvious differences. For case 2 and 3, when the Weber number increase to 123 and 216, the spreading droplet has obvious level liquid plate, which is called a plateau. The plateau length for case 2 is about 0.9 0 , and that for case 3 is about 1 0 , while there is no such plateau in case 1. This is because when the Weber number is small, the descent speed of the droplet center and the expanding speed is small and the droplet does not have enough energy to overcome surface tension during the spreading process. Therefore, when the droplet center decreases to the minimum thickness, the outside edge already begins receding and the center will reverse direction. However, when the Weber number increases to a certain value, the droplet has enough energy to overcome the surface tension during the spreading process, and will achieve a larger spreading diameter, so that when the droplet center reaches the minimum thickness, the receding liquid from the outside part is still far away, thus these impact droplets will have a so called plateau at the central part. Figure 9 visualizes this difference. Figure 10 shows the 3D shape instead of the average one. As shown in figure 10 , the ridge becomes a thin ring, and from the 3D shape, we even could find that the rings in case 2 and case 3 are different. With the increase of the Weber number (i.e., from 123 to 216), the relative smooth ring becomes rough. The stability of the droplet would decrease due to the interactions among the droplet, the solid surface and the air around the droplet 20 . When the Weber number or the impact velocity increases to a certain value, the stability of the droplet would become unstable enough, which leads to the droplet splash during the spreading stage. Another phenomenon that was observed is the maximum spreading diameter. As discussed in last section, the droplet maximum spreading diameter would increase with the increase of the Weber number, and the spreading factors β agree well with the predicted values defined by equation (6) . For the minimum thickness, case 1 is about 0.06 0 , the case 2 is about 0.04 0 , the case 3 is about 0.03 0 , and these thicknesses are about 0.15mm, 0.1mm, and 0.07mm respectively, which agree well with the predicted value based on equation (7), except for case 1. As discussed in last section about the spreading stage, one possible reason for the disagreement of case 1 is that the case one does not exhibit a plateau, which is present in the other two cases. At the end of the spreading stage, when the droplet center reaches minimum thickness, the magnitude of the principal radii of curvature 1 and 2 at the droplet central part would increase with the Weber number, while those at the outside edge are small. Based on equation (8) , the pressure difference between the center and edge would decrease, so that the receding phenomenon become less drastic. Thus, it shows that the maximum thickness of the droplet central part for case 1 is about 0.75 0 , while that for case 2 is about 0.36 0 , and that for case 3 is just about 0.24 0 . less than 20 degrees, when the droplet reaches the maximum spreading diameter during the spreading stage, the bottom of the droplet would not recede, thus the contact line between droplet and solid surface would stay at the maximum spreading position. Therefore, when the droplet finally rests on the solid surface, the shape of the droplet would remain flatter and wider with the increase of the droplet impact velocity or the Weber number.
Case 1 Case 2 Case 3 (a). Spreading stage
Meanwhile, with the increase of the Weber number, the total time needed for the droplet finally rest on the solid surface would decrease; specifically, the total time for case 1 is about 168.0ms, while those for case 2 and 3 are 71.8ms and 37.8ms respectively. From figure 8(a) and (b), the total time for the droplet spreading and receding stages are nearly same, the time for all of these three cases is around 10ms, so that the main difference is in the oscillating stage. Figure 11 shows the oscillatory spreading and receding process clearly, since figure 11 shows the time evolution of the droplet center point thickness. The peaks of the curve mean that the droplet is at the end of the receding phases, and the valleys means that the droplet is at the end of the spreading phases. From this figure, it can be seen that the spreading and receding stages looks similar in main shape variation, except for the central thickness fluctuation in case 1, and the obvious plateau at the central part in case 2 and 3. However, there is significantly different dynamics in the oscillating stage. For case 1, it shows at least 7 obvious spreading and receding cycles during the oscillating stage, while for case 2 and case 3, only 1 obvious spreading and receding cycle could be seen during the oscillating stage. One possible reason for this is that with the increase of the Weber number, the energy dissipation rate would increase with the increase of the kinetic energy. To uncover the physics under this kind of phenomenon, some more detailed analysis is needed. At the end of the spreading stage, the kinetic energy inside the droplet is nearly 0, thus the main energy at this moment inside the droplet is surface energy 27 . Thus, the oscillating of the droplet could be assumed as damped harmonic oscillator defined as 28, 29 mx kx cx    ,
where, is the deflection from a neutral (the center point thickness when the droplet is finally rest on the solid surface), m is the mass of the system (the droplet mass), k is a spring constant which related with the surface tension of the droplet, and c is a damping coefficient which related with the viscosity of the droplet.
Surface energy evolution during the droplet impact process
This section will discuss the droplet surface energy evolution during the impact process. Almost all the theoretical models used for droplet impact dynamics considered the surface energy [14] [15] [16] [17] [18] , however, the surface energy was calculated using some simple assumptions, such as assuming the droplet shape as a cylinder, which is much different than the real shape of the droplet. Using Young's relation as a definition of the equilibrium contact angle, the surface energy is 2 cos
where is the surface energy, A is the liquid-air area, is the equilibrium contact angle defined using the tangent line at the liquid-air interface at the contact point.
In the past, since the complex geometry of the droplet during the impact process was hard to measure, when considering the surface energy of the droplet during the impact process, people used simplifying assumptions. For example, they assumed that the droplet shape is a thin cylinder or a flat plate when the droplet reaches the maximum spreading diameter during the impact process 25 , and based on this assumption, the surface energy of the droplet at that moment could be calculated by 
Under some conditions, these assumptions can approximate the surface energy; however, under some conditions, especially when the Weber number of the impact droplet is small, these assumptions may lead to a serious difference of the modeled surface energy compared with the real one and severely influence the analysis accuracy of the energy budget during the droplet impact process. Figure 12 shows the comparison of the time evolution of the droplet surface energy based on equation (13) (simplified surface area) and on equation (12) (real surface area) during impact process. In this figure, the droplet initial diameter is 2.4mm, impact velocity is 0.77m/s, and the Reynolds number and Weber number are 1776 and 29, respectively. The surface is hydrophilic, therefore, after the droplet reaches the maximum diameter, the edges pin and the outer diameter remains constant. Based on the assumption, the surface area of the droplet does not change after the reaching the maximum diameter. The surface energy based on the real surface area measured by using DIP technique is much bigger than that the simplified model surface area (thin cylinder) by about a factor of four. Compared with the total energy 0 before droplet impact 25 , the assumption can lead to a 20 percent error in the energy budget during the impact process. The film thickness measurement of the droplet during the impact process can significantly improve the energy budget, and can help correct the models developed based on the energy budget. Figure 13 shows the DIP technique measurement accuracy in droplet thickness measurement. Figure 13 (a) shows droplet volume during the entire impacting process measured by DIP technique and the volume calculated based on initial droplet size before the droplet impact on the solid surface. The droplet initial diameter is 2.4mm, the impact velocity is 1.60m/s, and the Reynolds and Weber numbers are 3670 and 123 respectively. This shows that the DIP technique measurement results agree well with the calculated volume based on the initial droplet size, except between about 1.5-4ms. This is because the DIP technique can only measure the top surface of the droplet, while it cannot measure the air thickness under the droplet, as shown in figure 13(b) . In the time between about 1.5-4ms, the droplet was in the spreading stage, and during this stage, the droplet spreading speed at the edge was faster than the contact line between droplet and the solid surface. Therefore, the air underneath the droplet, which is occluded from the view in the DIP image, was erroneously considered as part of the droplet during the thickness measurement. Thus, during the spreading process, the droplet volume measured by DIP technique is a little higher than that calculated based on initial droplet size before droplet impact on the surface. The compared results show that the measurement error of the volume is less than 5%, while the measurement uncertainty is less than 2%. 
Discussions on Measurement Uncertainty
V. Conclusions
In the present study, an experimental investigation was conducted to quantify the shape evolution of the droplet during the impact process on solid surface in order to elucidate underlying physics to improve our understanding of the important microphysical processes pertinent to aircraft icing phenomena. A digital image projection (DIP) technique was used to achieve time-resolved measurements of the droplet thickness during the entire droplet impact process, including the spreading, receding and oscillating stages. By comparing the droplet shape evolution under different impact velocities, the dynamics of droplet impact under different Weber numbers or Reynolds numbers were analyzed in detail. Based on the time-resolved film thickness of the impact droplet, the surface energy evolution during the whole impact process was obtained.
By comparing the droplet volume measure by digital image projection technique during the impact process with the droplet volume calculated based on the initial diameter of the droplet before contacting on the surface, the digital image projection technique measurement error and uncertainty was validated. The compared result shows that the measurement error of the technique is less than 5%, while the measurement uncertainty is less than 2%.
Based on the time-resolved droplet film thickness, the droplet impact on a solid surface could be divided into three distinct stages: the spreading stage, which begins when the droplet first contacts the surface and ends when the droplet center reaches the minimum thickness; the receding stage, which begins following the end of the spreading stage and ends when the droplet center achieves a secondary maximum thickness; and the oscillating stage, which begins following the end of the receding stage and ends when the droplet finally comes to rest on the solid surface. These three stages were analyzed and the dynamical physics were uncovered based on the quantified thickness results.
By comparing the droplet shape evolution under different impact velocities, it was found that with the increase of the Weber number, the maximum spreading diameter of the droplet would increase, as would with the spreading speed. Additionally, the droplet has a plateau at the center under high Weber number conditions, while under the low Weber condition, no plateau was observed. Also, with a much longer oscillation stage compared with the higher Weber number cases, the total time for the droplet to finish the impact process under the lower Weber number condition is longer. Meanwhile, the reason for the rapid decay of the oscillation when the Weber number increase was discussed.
As a very important factor dominating the droplet impact process, the surface energy of the droplet during the impact process was calculated based on the time-resolved shape information. Comparing with the surface energy based on the droplet geometry assumptions, the surface energy based on the measured surface area can significantly improve the energy budget, and can help correct the models developed based on the energy budget.
